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THE  CAPILLARY  ELECTROICBTER. 


HISTORY. 


The  Capillary  Electrometer  was  invent- 
ed "by  Lipmann  in  1875  and  since  then,  has  been  known 
and  used  in  physical  and  physiological  laboratories. 
It  has  not,  however,  with  perhaps  two  or  three   ex- 
ceptions,  to  the  writers'  knowledge,  been  used  in 
the  commercial  field  of  Electrical  Engineering.   In 
these  few  exceptions  the  work  done  was  more  of  a  re- 
search nature  than  of  a  practical  commercial  one. 

It  might  be  interesting  to  note,  that 
some  work  has  recently  been  done  on  the  Electrometer 
at  the  Bureau  of  Standards,  Washington,  D.  C. 

i,.  .:■■  OBJECT, 

The   object   of   this   thesis   is,   primar- 
ily,   to   determine  the   application  of   the  Capillary 
Electrometer  as   a  commercial   instrxxment  for   the   accur* 
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ate  measurment  of  spiall  electrical  potentials. 

Secondly,  it  is  intended  to  ascertain 
the  accuracy  and  adaptaTsility  of  the  electrometer, 
for  use  as  a  zero  instrument,  in  such  experimental 
investigations  where  a  sensitive  galvanometer  is,  at 
the  present  time,  used. 

Finally,   if  satisfactory  results  he 
obtained  in  the  above  investigations,  an  attempt  will 
be  made  to  investigate  the  practicability  of  using  a 
Capillary  Electrometer  as  the  indicating  element  of 
an  Oscillograph  for  photographing  alternating  and 
pulsating  electromotive  forces. 

With  the  foregoing  objects  in  vievr  the 
instrument  was  designed  and  built,  according  to  the 
specifications  v/Virh  will  follow, 

THEORY  07   THE  INSTRlBtENT, 

Since  the  Capillary  Electrometer  is 
not  an  entirely  familiar  apparatus,  it  might  be  well 
to  explain  the  theory  of  the  instrijment  as  discovered 
by  Lipmann. 

The  following  experiment  and  accompany- 
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ing  eaqjlanation  and  diagram,  (see  fig.  1.)  will  aid 
the  reader  in  understanding  its  action. 

Two  glasB  tubes  of  rat' er  sn5ll  bore 
are  drawn  out  at  one  end  to  a  capillary  bore.   Then 
the  tubes  are  bent  into  "U"  fom  so  that  the  end 
containing  the  capillary  bore  is  somewhat  shorter 
than  the  other  leg  of  the  "U",   Now,  each  "U"  tube 
is  filled  with  pure  mercury,  and  both  tubes  are 
immersed  side  by  side,  in  a  beaker  of  dilute  sulph- 
uric acid,  so  that  the  orifices  of  both  capillaries 
are  imraersed  in  the  acid.   At  the  same  time  the  air 
must  be  expelled  fron  the  capillaries  by  blowing 
dovm  the  large  ends  of  the  "U"  tubes. 

The  mercury  will  stand  higher  in  the 
large  ends  of  the  two  tubes,  than  in  either  of  the 
capillaries,  and  the  flifference  of  level  will  be 
greatest  in  that  "U"  tube  having  the  narrowest 
capillary  bore. 

Next,  a  clean  platinum  wire  is  passed 
into  each  of  the  large  ends  of  the  "U"  tubes  and 
these  wires  are  connected  for  a  short  time  to  a 
source  of  potential  of  about  one-half  a  volt. 

The  mercury  column  in  the  capillary 
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where  the  current  enters,  vfill  rise?  and  that  where 
the  current  leaves  will  he  depressed.   The  extent  of 
the  movement  of  the  mercury  columns  varies  as  the 
magnitude  of  the  potential  that  is  applied.   The  alter- 
ed condition  of  the  r-erbury  columns  will  persist 
after  the  circuit  is  broken,  hut  on  short-circuiting 
the  mercury  columns  in  the  two  tubes  hy  brinp;ing  the 
free  ends  of  the  platinum  v/ires  together,  the  mercury 
will  instantly  return,  in  both  tubes» to  its  original 
level. 

The  action  is  neither  electro-magnetic 
nor  that  due  to  a  generation  of  heat,  but  is  one  tliat 
is  entirely  different  from  either.   It  mac  perhaps 
suggest  an  effect  of  the  so  called  Pinch  phenomenon 
where  a  current  passing  through  a  liquid  produces  a 
pressure  tending  to  pinch  the  liquid  coliimn  so  as  to 
disrupt  it.   However,  if  this  was  the  case  the  move- 
ment would  not  be  in  the  direction  that  it  is. 

This  phenomenon  is  exjjlained  by  Lipmann 
with  th^  statement  that  the  siirface-tension  of  the 
meniscus  between  the  riercury  and  sulphuric  acid  is 
changed  by  the  action  of  the  current,  and  that  this 
change  is  directly  proportional,  within  certain 
limits,  to  the  electromotive  force  or  electric  pressure 
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feetween  the  terminals. 

This  change  of  surface  tension  cav.ses 
the  movement  of  the  meniscus  and  since  the  change  in 
surface  tension  is  proportional  to  the  P.  L\  applied, 
then  the  deflection  of  the  meniscus  must  necessarily 
or  logically  he  proportional  to  the  P.  IJ.   It  reriains 
to  show  that  this  is  true  hy  the  experimental  inves- 
tigation ia  the  latter  part  of  this  thesis. 

It  is  evident  that  in  the  movement  of 
the  mercury  column  a  definite  amount  of  work  is  per- 
formed; that  of  lifting  the  mercury  column  from  one 
position  to  another;  that  of  altering  the  shape  and 
area  of  the  meniscus;  and,  that  of  overcoming  friction. 
This  total  '.vork  done  is  a  measure  o"  the  potential 
applied. 

In  practice,  it  is  unnecessary  and  in- 
convenient to  oh  serve  the  movement  in  both  tuhes,  and 
therefore,  one  o-^  them  is  made  larger  in  hoth  limhs 
than  the  other,  and  serves  as  a  holder  for  the  acid 
into  Tihich  the  capillary  of  the  second  tuhe  dips.  This 
arrangement,  '.7i  th  various  modifications,  is  the  one 
used  in  the    instrument  desif^ned. 

UESIGxT   OF    THE    ELECTROMETER. 
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In  designing  the   Capillary  Electroiiieter 
so  as   to  "be  adaptaljle   for  use  as   outlined  above,      it 
was  necessary  to   regard  the  following  considerations. 

A  form  of   instrument  adaptable    to   commerc- 
ial and  practical  use  v/as   desired.      It  must  he  as   com- 
pact  as  possible,    it   must  he  portable,    it  must  be   con- 
venient  to    operate,    and  finally,    it   must  he   designed 
so    that   it    can  he   used,    with   other  additions,    to 
serve  as  an  Oscillograph. 

The  best   details   of  previously  used  in- 
struments together   with   our   ov/n   additional   ideas  were 
used.      Valuable   assistance   in  the   design  was   obtained 
from  G.    J.    Burch's  paper   on   the,    "THE  CAPILLARY  ELECT- 
ROMETER",  published  in  1896. 

The   instrument   consists   of  ■f'ive   import- 
ant  and  individual  parts,   which   together   form   the 
electrometer.      The   specifications  for  each  part  v/ill 
be  considered  and  given   separately. 
■'•^-      •'  The  fiv'=?  parts  will  be   named  as  follows; 

and  a  dimensicTed  diagram  of  each  part  is   shown.  (See 
:Pig.    2,    3,    4,    5   and  6). 

A.  The  "U»  tube. 

B.  The  stopper  or  holder  of  the  acid.      . 

C.  The  Electrometer  tube. 
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1),   The  pressure  apparatus. 

E,   The  stand  and  support  for  the  instrument,  with  the 
claiaps,  adjustment  s,  etc. 

. _^  .  GENERAL   SPECIPI CATIONS. 

Parts  A,  B,  and  C  are  raade  of  glass, 
and  the  followinr:  specifications  are  general  and 
apply  to  all  three. 

Soft  soda-glass,  because  of  its  read;/- 
woriring,  is  to  be  used.   The  glass,  before  blowing, 
should  be  exajained   for  capillary  passages  in  the  walls, 
and  if  any  are  present,  saine  should  be  discarded.  This 
precaution  must  be  taken,  since  the  electrometer  is  to 
be  used  with  a  microscope  or  telescope,  and  if 
capillary  passages  or  blovz-holes  be  present,  the 
definition  o-^  the  image  of  the  mercury  column  will  be 
in^jaired.  „    > 

"■■■-■  •  "■  -    Then  the  ehosen  pieces  of  glass  tubing 

must  be  scrupulously  clean  before  proceeding  to  make 
the  electrometer.   Tl-ie  cleaning  can  be  done  with  the 
so  called  cleaning  solution,  made  of  a  mixtiire  of  con- 
centrated sulphuric  acid  and  Bichromate  of  Potash  or 
with  aqua  regia  made  by  mixing  thr  ^e  parts  of  con- 
centrated Hydrochloric  Acid  with  one  part  of  concen- 
trated Nitric  Acid.   To  assure  thorough  cleaning  the 
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tu"bes  should  be  washed  at  least  three  times  with 
either  of  the  ahove  cleaning  solutions. 

After  using  the  cleaning  solutions  the 
tuhes  should  be  thoroughly  rinsed  with  pure  distilled 
water,  and  then  finally  dried  by  blowing  clean  air 
through  them,  or  by  any  other  convenient  method  of 
drying  which  vrill   not   introduce  any  grit  into  the 
tubes. 

Much  trouble  was  experienced  in  the 
cleaning  of  the  tubes,  particularly  of  the  capillary 
tube,  so  finally,  the  above  method  of  cleaning  to- 
gether with  the  follov/ing  additional  precautions  was 
used* 

After  cleaning  with  distilled  water, 
alcohol  was  used,  which  evaporates  rapidly,  and  takes 
some  of  the  water  with  it.  Finally,  ether  was  used 
which  evaporates  both  the  alcohol  and  water.  After  this 
treatment  the  tubes  should  be  thoroughly  clean  and 
free  from  grit  or  oil. 

The  cleaning  and  drying  completed,  the 
making  of  the  parts  A,  B,  gind  C  should  be  proceeded  to 
at  oncea 

It  is  cf  the  utmost  importance,  that  the 
tubes  of  which  the  electrometer  is  made,  should  be 
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thoroughly  cleaned,  since  any  particle  of  dirt,  no 
matter  how  sraall,  which  night  ha:  pen  'to  lodge  in  the 
capillary  tube,  will  prevent  the  electrometer  from 
operating  satisfactorily,  if  at  all.   This  point 
cannot  "be  emphasized  too  strongly,  and  should  "be  thor- 
oughly considered  in  making  an  electrometer  of  t'lis 
kind. 

We  will  now  proceed  to  the  specific- 
ations of  the  various  parts  of  the  Capillary  Elect- 
rometer. 

(A)  SPECIFICATIONS  POH  THE  "U"  TUBE. (See  Pig.  2) 

Reference  to  Pig.  2  will  shov/  the  com- 
plete appearance  and  dimensions  of  t'  is  part  of  the 
apparatus.   It  is  made  of  gla.~s  tubing  of  4  MM.  bore 
with  walls  1  mm.  in  thickness.   The  bend  of  the  "U" 
is  constj'icted  as  shown  in  the  diagram  so  as  to  pre- 
vent the  mercury  from  moving  too  freely  from  side  to 
side  when  the  instrument  is  carried  around. 

The  inner  surface  of  the  short  limb 
of  the  "U"  should  be  slightly  tapered  so  as  to  allow 
part  B  to  make  a  neat  and  good  fit  into  it.   It  is 
also  ground  for  this  purpose. 

The  long  end  of  the  "XT'*  has  a  steel 
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"binding-poBt  ceioented  on  it,  to  whfch  is  attached  a 
platinum  leading-in  wire  of  Ho.  20  B.  &  S.  gauge. 
Steel  "bindiag  posts  were  used  instead  of  copper  or 
"brass  ones,  so  that  tine  mercury  should  not  amalgamate 
with  it  and  thus  cause  the  former  to  become  dirty  and 
iir^jure. 

Platinum  xvire  was  used  so  that,  if  +he 
acid  should  perchance  creep  Qp  above  the  nercury  in 
the  capillary  tubes,  or  even  in  the  "U"  tube,  it 
should  not  corrode  it;  platinum  being  affected  very 
little  by  sulphuric  acid.    The  remaining  details  and 
dimensions  are  evident  from  the  diagram. 

B.   SPECIPI CATIONS  POR  THE  STOPPER  OR  HOLDER  OF  TK^-^  ACIIJ 
(  SEI!  EIGURE  #3) 

The  so  called  stopper  holds  the   sulph- 
uric acid  into  which  the  end  of  the  capillary  tuba 
dips.   The  dimensions  and  shape  are  shovm  in  Fig  3. 
The  lower  end  is  ground  tapered,  so  as  to  make  a  good 
tight  fit  in  the  short  limb  of  the  "U"  tube  as  ex- 
plained in  the  specifications  for  part  A. 

The  wedge  shape  of  this  part  was  de- 
cided upon,  as  it  is  best  adapted  for  passing  a  beam 
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of   light  along  through  the   top   of  the  mercury 
column  for  use   in  Oscillographic    work.   'For   th  s 
reason  also,    the   wide    sidet  of   th:    stopper   should  be 
perfectly  parallel   so   as  not   to    change  the   direction 
of   a  "bea'n  of   light    through   them. 
C.       SPECI5TCATI01TS  l^OR    THE  CAPILLARY  OR  ELECT   OlEETER 

TUBE**(See  Fig.    4). 

This  is  the   most   important  part    of   the 
instrument,    an''    the  gres^test  precaution  and    care 
should  be  taken   in  the  making  of   it.      Shape  and   dim- 
ensions  are   as  shown  by  !Fig.    4. 

The  crook  in  the    tube    should  be  made 
just  above   that  point  where  the   tapering  of  the  tube 
begins.      Care   shoixl  -  be   taken   that   it   is  made  without 
flattening  at    the         bend.      The   diameter   of  the    tube 
is   6  ram.,   with   walls   1  mm.    in  thickness.    Thecapillary 
point   should  be  from  1   cm.,    to   1.5   cm.,    long,    and 
should  be  uniform  in  bore.      It  must  be  taade  with  as 
small  a  bore  as  possible   and   should  be  parallel   to    the 
UTjpr  part   of  the  electrometer  tube. 

Great   difficulties  were   encountered  in 
the   experimental  v/ork  due    to    the  mercury  flov/ing   out 
of   the   electrometer   tube,    when   the  pressure  v/as   in- 
creased until   the  meniscus  reached  tlie   tip   of   the 
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capillary  tu'be.      This  is  due    to   an   inequality   of 
pressure   produced,      the  head  of  mercury   in  the   elect- 
rometer tube  producing  a  greater  pressure   than  the 
surface   tension   of  the  meniscus   in   the   capillary 
tuTae.      The   flov/   of  mercury   is   thi'.s  produced. 

The   lower   end  of   the   capillary  tube 
should  he   cut    off   square   for  good  performance   of  the 
instrument. 

On  the  upper  end  of  the  electrometer 
tu'be  is  placed  a  binding  post  with  leading-in  wire 
of  platiniira,  of  construction  si^nilar  to  that  on  the 
"U"  tube.  However,  this  binding  post  is  corrugated 
so  as  to  make  it  easy  to  slip  the  end  of  the  rubber 
pressure  apparatus  over  it.  The  remaining  details 
can  be   obtained  from  the    diagram. 

The  binding  poslS  are   cemented  on  to  the 
glass  tubing,   and   the  joints  Muet  be  made  air   ticht 
so    as  to   prevent   any  leakage  when  pressure    is   applied 
by  means   of  th=^  pressure   apparatiae. 

Again  extreme  care  must  be  talcen  in 
the   cementing   of  th-^  binding  posts,    for   if  a  particle 
of  cenent   should  fall   into    the   capillary  tube,    it 
will  most  likely  clog  the  capillary  point  and   ruin 
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the  instrument. 

l").      SPECI-PI CATIONS  FOR  THE  PRESSURE    APPARATUS.  (See  Eig.  5) 
-  i-fif-    >         %'A-ii      '^^^  pressure  apparatus  is  constructed  . 
entiK-ely  of  ruTD^ber,    and  i&  made   in   the  form  shown  in 
the  accompanying  diagram. 

As  nothin^  has  yet  "been  said,  regarding 
the  purpose  of  this  ajrparatus,  a  few  words  of  explan- 
ation will  "be  in   order. 

In  using  the  capillary  electrometer, 
especially  in  caliTsrating  the  instr-ument,  and  Treasur- 
ing potentials,  it  is  necessary  to  move  the  meniscus 
to  any  point  of  the  capillary  tube  desired.  Thia  is 
acconrplished  "by  applying  a  positive  pressure  or  pro- 
ducing a  negative  pressure,  "by  raear©  of  the  pressure 
apparatus. 

^  Referrirg    to   the   diagram,   the  tube  A  is 

place   over   t'le    corrugated     binding  post   of   the  elect- 
rometer  tube.      The  bulb  B   is  fixed   on   the  stand,    ex- 
plained later,   while   the  bulb   C   is   arranged  so   as   to 
slide  up   or  dovai    on  a     rod  K  ^    shown   in  figure65  and   6. 
Mercury   is   placed  in  the  pressure  apparatus  and  thus, 
by  raising  or   lowering  the  bulb  C,   the  pressure   on  the 
mercury  column  in  the  electrometer  tube,    caoi  be  varied 
at  will.      Thus   the  position  of   the  meniscus   can  be   con- 
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trolled  as  needed. 

The   rulDTser  of  wliich   the  pressiire  appar- 
atus  is  made,    should  be   strong  enouj^h  to   resist  a 
presBXire   of  about  20  cm.,    of  mercury,   as   this  v/ill 
be  the  maximum  pressure  required. 
E.      SPECIFICATIONS  POK    THE   STAND, A]3JUSTMEl!r  S,    ETC., 

(See   Eig.    5,    6,    7,    8) 

In  la:v''ing  out  a  suitable    support  for   the 
instrument ,    the  follov/ino;   considerations  were   regard- 
ed:- 

Arrangere  nt  was  nade   so  that  any  part 
of  the  apparatus   could  be   removed  v.'ithout  difficulty, 
A   screw   (See  Eig.    8.H.**6**5)   was  provided  so   that   the 
electrometer  tube   could  be   shifted  sideways,    so   as   to 
bring    the    capillary   in  the   center   of  the  holder   of  the 
acid.      The    "U"   tube  was  clamped  with  an  adjustable 
clamp  L    (See  Eig.    5)    so  that   it  could  be  moved  up   or 
down  with    reference     to  the   capillary  tube.    These  ad- 
justments can  be   readily   seen  from  the  diagrams  and 
photographs   of    the  apparatus. 

Claws  are  provided   (E3?)**(See  Eig.    5  &  7) 
sliding  on  bars    (KK),      The  bulbs  C   and  B   of  the 
pressure  apparatus,   fit   into    these   claws,    and  can  there- 
by be  raised  or   lowered,    thus  varying  the  head  of 
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mercury  acting  on  the  air  column  betv/een  the  pressure 
apparatus  and  the  surface  of  mercury  in  the  electrometer 
tube.      /  '  ■ 

)»-.i--.i  A  short-circuiting  switch  (See  Photographs 

of  apparatus),   with  binding  posts  was  placed  on  the 
base    of  stand,    and   copper  wires  were  arranged,    leading 
from   the  switch  to    the  binding  posts   of    the  electrometer; 

In  the  instrument   designed  and  used  in 
this   thesis,    a  heavy  iron  base  was  provided,   but   in 
a  portable    form  the  base    can  be  made   of  wood.    Arrange 
ments  can  t>- en  be  easily     made,    so   that  a  cover   can 
be   slipped  over   the  entire  apparatus   and  fastened  in 
slots  in  the  base.      Small   stoppers  can  be  made  for  the 
openings   of   the  tubes,    to   prevent  dirt  accumulating  in 
them.      Likewise,    a  stopper   can   be  made  for  the  holder 
of  the  acid.      The   acid  can  be  carried  in  a  little 
bottle   with  a  pipette   so    that,    in  setting  up  the 
apparatus  for  use,    the   acid  can   be  poured  into    its 
holder  and  then  etfter  attaching  the  pressure  apparatus, 
the   instrument   is  ready  for  work.      From  the  exper- 
iences met  with   in  handling     the    instrument,    it  might 
be  well  not   to   fill   the    electrometer    tube   with     mer- 
cury until   it   is   ready  for  use,    as   i  t  m^   all   run  out 
of  the  apparatus    if   same    is  shaJcen  around. 
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The  alDove   conditions  are, of    course,   for 
a  porta"ble    instrument,   "but   in  an  instrument  for  use   in 
a  la'boratory  ort  esting*-room,   the  arparatus,    if  once 
set  up  right,    need  not  be   touched,    unless,    of   course, 
the  mercury   should  run  out   of  thf^   electrometer  tube, 
which  we  found   to  be  a  very  frequent    occurence. 
SPECIJ'ICATIONS  POP  ^EPCURY   Am)   SULPHURIC   ACIU.  ****•*• 

Here,   again,   maximum  cleanliness  and 
purity  .v^ust  be  attained. 

The  re  rcury  used  for    the  electroc^ter 
should  be  purchased  chemically  pure.      Then  it   should 
be  distilled  in     vacuxim. 

■     ■■  The  apparatus  which   was  used  for      dis- 

tilling the  mercury  was  obtained  in  the  Physical  Labor- 
a.tory  of   the  Institute. 

It   consisted  of  a   tall   glass   tube 
dlppinp;   into   a  large  basin,   holding  the  mercury   to 
be  distilled.      At  the     top   of   the  tube   is  an   enlarg- 
ed dome-shaped  tube,   to  which  is  attached  another 
tube   leading   to    the  air-pun^)   or   other  means    of  pro- 
ducing the  vacuxim.    Around  the   dome-shaped  tube   is  plac«- 
ed  wire  gauze  and  a  gas  burner  for  heating  the     mer- 
cury.     The    air  purap,   being  attached  to   the  before 
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mentioned  tute,  is  made  to  exhaust  the  mercury  still, 
to  as  near  a  perfect  vacuum  as  possible.  This  causes 
the  mercury  to  rise  from  the  hasin  to  a  height  in  the 
tuhe  somexiflaat  less  than  the  ■barometric  height,  since 
the  air  pressure  ahove,  is  almost  e  titely  removed  by 
the  pump. 

The   heat   now   acts   on  the   mercury  which 
has   risen  up   into    the   dome,   vaporizing  it   at   a  com- 
paratively low  temperature,    due   to  the  removal   of   the 
air  pressure.        The  i®  rcury  vapor   rises  to   the   top 
of    the  dome,   where    it  oondenses  and  falls    into  a 
pocket   leading  to   another   tube,   from  which  the  dis- 
tilled mercury   is    dravm   off. 

It   is  necessary   to    dwell  upon  the   dis- 
tilling  of    the  mercury,    since   this   fact  vdll,    to  a  very 
large   extent,   determine  whether  the  electrometer  will 
oiEerate  satisfactorily,    or  not. 

Although  our  mercury  was  distilled,   we 
found  that    it   still  contained  more   or   less   dirt  w}^ich 
caused  great   inconvenience.      Too  much  emphasis   cannot 
be   laid  upon   t^is   factor   of    the  instrument. 

Next,    the  sulphuric   acid  was  prepar- 

ed.     Sulphuric   acid   of   25  ,o  concentration  was  used. 
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that  is,  one  part  of  concentrated  sulphuric  acid  to 
three  p8Q*ts  of  water.   This  gives  a  density  of  1.2 
whi<^  is  that  density,  at  which  the   conductivity 
of  sulphuric  acid  is  greatest.   Caution  must  ag^in  he 
exercised  in  obtaining  clean  acid  and  diibtilled  water. 
JDCPERIMENTAL   STUDY 
Having  completed  the  design  and  spec- 
ifications of  th  e  capillary  electrometer,  -vts  will 
now  proceed  to  the  experimental  irork  conducted  with  the 
instrument. 

A  statement  of  the  apparatus  and  eqiiip- 
laent  used  in  the  experimental  work  is  ,c;iven  herewith : - 

APPARATUS. 
Capillary  Electrometer. 
Cathetometer. 
Telescope. 

Leeds  &  Northrup  Potentiometer, 
Leeds  &  Northrup  (Jalvanometer. 
Rheostat  for  Potentiometer, 
Two  Storage  Cells. 
Cadmium  Standard  Cell. 
Lens  for  reading  Galvanometer, 
Resistance  Boxes, 
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Tv.'o  Bouble-pole  H^ouble- throw  Switches, 
,       Wheatstone     Bridge. 

Three  10  to  1  Potential  Transf onaars. 
A.    C.   Alternator, 
One-half  micro-farad  Condenser, 
Telephone  Receiver, 
Traveling  Terminals, 
Steel  Scale     graduated  to  l/lOO", 
Two  Pipettes, 
,^        Two  BeaJcers. 

Several  Test-TuTses. 
Ballistic  Balvanometer. 
Scale  for  Telescope, 

Charge   and  Discharge  switch  for  condenser, 
METHOD  0?  PRQCEBDUJ.E. 
Aasembling     of  the  Electrometer. 

The   first   thing  in  order,    after   the 
various  parts  of  the  Electrometer  were  made,  was  the 
asseribling       of    the  apparatus.      The  tubes  were  placed 
in  their  proper  positions  on  the   stand  and  the  short- 
circuiting  switch  was  connected  by  copper  wires  to  the 
binding  posts  of   the   electrometer. 

Next   the  vacuvua  distilled  mercury  was 
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poured,  "by  means  of  a  pipette  into  the  long  end  of  the 
"U"  tube,  until  it  reached  a  level  of  about  1  l/2  cm., 
Tselow  the  top  of  the  stopper. 

Then  mercury  was  similarly  poured  into 
the   electrometer  tube  until  it  reached  a  high  enough 
level,  so  as  to  make  good  contact  with  the  platinum 
leading  in  wire.  (See  Pig.  5  aiid  photograph  of  electro- 
meter) 

This  is  where  our  difficulties  corx^^nenced. 
The  mercury  would  almost  invariably  run  out  of  he 
capillary  tube  and  empty  it  before  we  could  connect 
up  our  pressure  apparatus  and  apply  a  negative  pressure 
to  prevent  its  further  running  out.   It  was  also  due 
to  this  fact,  ftiat  we  had  several  electrometer  tubes 
made  of  still  smaller  bore,  and  found  one  finally, 
tliat  was  most  convenient  to  use. 

Now,  there  bein-;  mercury  in  both  the 
"U"  tube  and  electrometer  tube,  the  pressure  apparatus 
was  attached,  and  t'^e  open  bulb  (C)  was  raised  until 
the  mercury  reached  the  end  of  the  capillary,  care 
being  taken,  not  to  a;  ply  t0O  great  a  pressure,  so  as 
to  cause  "'.he  mercury  to  run  out. 

It  remained,  but,  to  drop  acid  enougli 
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in  the    stopper,    to  fill   it,    and  to   raise  the    "U"    tuhe 
and   stopper  until    the      end   of   the  capillary  was     Ibs* 
mersed  in  the   acid, 

Finally,    it  was  necessary   to    oh serve 
whether    the  acid   rose   in   the   capillary  so    as   to   r-ach 
the   nercury   in   it.      If    the  air   in   the   end  of   the 
capillary  prevents  the  rise   of  the  acid,    the    left  hand 
"bulh    (B)    shoTild  he  givon  a  slight    squeeze,    just 
enough  to     force   one  or   two   drops   of  mercury  out   of 
the  capillary.      Then  upon   removal   of  fingers  from  the 
hulh,    the  acid   will   rise    in  tne   capillary  and  make 
contact  with   the  nercury. 

It   is   essential   that    there  he   no  air 
Taubhles  in  the  capillary,    as  they  will  hreak   the 
circuit  and  p -event    the   satisfactory     operation  of   the 
instriAment.      If  any  air   should   lodge   there,    it   can  he 
dislocated   and     removed  hy  1he  ahove  descrihed  method.. 

The   short   circuiting  key  was   then 
closed  and    the  elctrometer     was  ready  for  use.    The 
first  photograph  is  a  very  good  one   o"^   the    instrument, 
showing  all   its  parts  plainly. 

The  first   experiment  performed,    was,    of 
coiu*se,    the  ajiplication  of  a   small  potential,    to   see   if 
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the   instriiment  woiild   operate  as  v/e   exiiected  it   tc, 
^e  had  never   seen  ari  instrument    of    its  kind   in  oper- 
ation,   so  that  we  were   curious   to    ascertain  whether 
it  would  do    so, or  not. 

The    short-circuiting   key  was   opened  and 
a  potential   of   about    ,3  volts,    obtained  frorc  a  deriv- 
ed circuit   v/as  applied.      A  movement  of    the  meniscus, 
easil:)    discernihle  with  the  naked  eye,    occured.   The 
short-circuiting  key  was   next   closed  and  the   meniscus 
moved  in  a   direction   opposite   to   that   it   had  previous- 
ly mo-^ed      in;    that    is,    towards   its  first  position. 
Whether  or   not    it    returned  exactlj'  to    its   starting 
point,   was  yet    to  he   determined. 

^^  Knowing  that   the   instrument  would    operate, 

the  experimental  v/ork  v/as   at   once  "begun. 
DSTEFinNATION  OP  POLARITY. 

Prom  the  literature      on  the   Capillary 
Electrometer,    it  seomed,    that  for   a  given  direction   of 
E.   M.   P.    applied  to    the  electrometer,    the  direction 
of   the  movement   of  t'e    'meniscus  was   definite. 

The  first   experiment  consisted  of   an 
attempt   to  verify   this  phenomenon.      A  potential  whose 
polarity  was  knovm,   v/as  applied  to    the  terminals   of 
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the   instrument,   and  the  direction  of   deflection  v/as 
noted.      The  polarity   of   the    same  P.    U.    was  then  re- 
versed hy  a   reversal   of  leads,    and   it  was  found  that 
the  movement  was   in  the  opposite   direction. 

Further,    it  was  found,    that   -.he  meniscus 
of   the  -mercury   moved  in   the   direction  in  which  the  P. 
D.    was    £5;plied.      That    is,    if  the   H.   M.   P.   was   so 
applied,   th_at   its  direction  was  from  the  electrometer 
tuhe   to  the  "U"   tuhe,    then  the  meniscus  would  move   in 
the    saire  direction  as   this  P.D.   was  applied.    Short- 
circuiting,    of   course,    caused  motion  in  the   direction 
oppibsite  to    that   caiised  by  an   application  of  an  E.M.IT, 

In    the  work  following,    the  P. 13.    was 
always   applied  so  that   the  meniscus  would  move  up   in 
the   capillary,    that   is,    the   positive   side   of   the  P.D. 
was  applied  to    the  "U"   tube  hinding-post.      it  was  mark- 
ed thus.      Thi p  proceedure  was  followed,    not    only  he- 
cause   it  was   the  most   logical,   hut   because    of    the  fact 
that    if   the  reverse   direction  were  used,    the    application 
of  the  P.l). ,   when   the  meniscus   was  near   the   end  of 
the     capillary   tube,   would  start   the  Tercury  flowing 
out   of   it,    and   thus  cause    great   inconvenience. 
PRECAUTIONS  IN  USINa  TH?  CAPI^XARY  ELECTROlOilTlilR. 

Before  proceeding  to    the  calibration  and 
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other   experiments  conduct«d   mth    the  instrument,    it 
was   experimented   "'dth,    to   Isarn  its  peculiarities   of 
action  anJi  manipulation,    so  as  to    "be   entirely    familiar 
with   the  a  paratus  before   undertaking  the  rest   of  the 
experimental  v/ork, 

A  Cathetometer  was  used  to   watch  the 
meniscus.      This   la  an  instrument  used  for  neasuring 
snail  vertical   distances  very  accurately.      Readirgs 
to   .0001  cm.,    can  he  made  with  this   instrument,    A 
telescope   is  attached,   "by  means   of  which  the   meniscus 
was  viewed. 

The  follov.'ing  points  v/ere   noted,    and 
are  put   down   in   the   order  of  their   importance. 

First,    if   the  instrument   i  s  in  good 
working   condition,    that   is,    when  it  is  clean   and   the 
mercury   and   sulphuric  acid   are   clean,    upon  applying 
the  P.];.,    the  m.eniscus  will   instantaneously  respond, 
and  move   to   its  final  position  instantaneously,    giving 
a  deflection  corresponding  to   that  P.    D. 

Por    the    sarie  P.3J.,    the  meniscus  will 
move  to    the   same   height   in  the   capillary  every  time, 
if,    of   course,    the  meniscus   starts  at   exactly  the  same 
point   each  time. 

If   after  the  application   of   the  P.D. , 
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and  accompanying  BIO veBBnt   of   the  meniscue,    the  P.13. , 
"be  applied  again,    the  meniscus  will   not  be  a  f ected. 

After   every  application  of  a  potential 
the  instrument  must  be   short-circuited  before   applying 
another.      Upon  short-circuiting,    if   there  be   no   leaks 
in  the  pressure  apparatus,   and  if     he   instrument    is 
clean,    the  meniscus  was    returned  to   exactly  the   same 
position. 

The    above  characteristics  of   the  in- 
strument are   very   important,   and   it    is  only  by 
virtue   of    them,    that   the    instrument   can  be   of  any 
practical     value  whatsoever.     When  not    in  use     it  must 
invariably  be  short-circuited  or  electrolytic  action 
will    talce  place  and   it  will  be  found  that   upon  then 
closing  the   short-circuiting  Itey,   a  movement   of  the 
meniscus  will    take   place,    as  though  a  potential  had 
been  applied.      The  meniscus  will   return   to   that  position 
in  which   it  was   located  before   leaving  the   instrument. 

The  maximum  E.M,?. ,   which   should  be  im- 
pressed upon  t'::e    electrometer   is    about   .8  volts. 

It  was  found  that   on  applying  an  E.M.F., 
larger   than  the   above  va.lue,    electric  dissociation 
took  place   and  hydrogen  gas  was  given   off.      This 
gas   collects  at    the   surface   of   comtact  between  the   acid 


,  ,c:  «<T  sni    j-aifoalffew  ei-J   ~o    falser om  Tnixn&^s^ooos  bn» 
»hBti>@'^  s  sd"  .-ton   iXiw  sorawilftein  »rf.t    ^ssti^-^  be ilci'^i  srf 

3frti£Xcj^:as   ?io%»<f  freer ifcTdiio-J-'tofla    ed"  ♦«iHS  .trwdttn^ttni   s-rf.t 

•n'>  ^tj;80(l 

,0'  vXto  8  1    *i   err*   ^ttimi^i&^t   v-t«v   p-yi  tas:  i^f-rtl« 

■j^tjs  io   erf  rt^a   *n«ww:yt#tBi    ?--::'.!    JM*'^    ,jhiis'<.J    "to   »i/*t±Y 

♦a-.tXw>'.'-  84   isJO(f&    8£   •»»-*•  "!^ .)•}:: 3 ®1>    »-' +  rtoqw  beaasTq 

,♦''•'■  .li,?I  xia  '^^itlvirt'TTis  no   :fjssi&  bttuot  saw   ;tl 


-26-. 
and    the  mercury,    and   the  amount   of   gas  will  increase 
with  the  nurnber      of   applications   of    this  large   electro- 
motive force,   until  the  circuit   in  the  electrometer 
is  "broken,    and    the    instrument  v/ill  no   longer  respond 
to  potentials. 

Whenever   the  pressure   in  t^re  electro- 
meter  tube   is  changed  by  means   of   the   pressure  apy^ar- 
atus,    the   short-circuiting  key  must  be  closed.    Other- 
wise the  electrometer  v/ill   accumulate  a  charge  v/hich 
will   expend  itself  by  a  movement   of    the  meniscus  when 
the     key  is  closed  after    changing  t  ]x;   pressure. 

It  was  also  observed,    that  when  the   in- 
strument  was   on   open   circuit,    the  pressure   reqi'ired  to 
move    the  raeniscus  by  means   of   the  pressure  arparatus 
was  greater  than  that   required  when  the  electrone  ter 
was   fhort -circuited. 

This  seemed  to  show  an  apparent  resist- 
ance, as  though  a  clTarge  resisted  the  movement  of  the 
meniscus. 

When  the  instn;ment    is  no")"    in  use   or 
rather  when   it      ic   l-^ft  from  one    time    to    another,    the 
pressure    should  be  released.      The  weight   of  the  rs  rcury 
coliunn  in  the   electrometer   tube   is   ordinarily'-,    suffic- 
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ient  in  itself,    to  prevent  the   cr -eping  of  acid   up 
above   the  mercury  colT-imn  without      the  added  pressure. 
Again,    if   the  meniscus  he  allowed   to    stand   continually 
in   the  small  part   of  the   capillary     bore,    the  mercury- 
will   he   liable   to   stick  whenever  passing  that  part 
of   the  tube. 

If  the  meniscus  moves  while  the   in- 
strument   is   on   short   circuit,    it    is   either  a  sign   of 
leakage   in  the   pressure   apparatus,    or   an   indication 
of   a  potential,    due    either  to    a  dirty   contact   or  to 
the   acid   in  the    electrometer  creeping  up  above   the 
mercury  column  to    the  platinum  leading-in  wire. If  the 
latter   occurs,    the  KBrcury  must  be  emptied  from  the 
electrometer  tube,   washed,    cleaned,    and  dried   ,   before 
it   can  be  used  again. 

The  Capillary  Electrometer  is  un- 
affected by  magnets  or   stray  magnetic  fields  due   to 
heavy  currents  passing  through  wires  near   it.      It   is 
unaffected  by  slight  mechanical  Jars,  but   is  affect- 
ed,   if    the    electrometer  tube   itself,    is   tapped 
severely  with  a  pencil  or   other   such  in^liment .   Under 
such  circurastHnces,    it  may  even   start   the  mercury 
flowing  out    0'  the  capillary. 
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¥te  n  this   occurs  th?   acid   in   the 
stopper   is   displaced,    and   overflows,    running   over  the 
stand  and  brass   clampe  corroding   then,    and  cai?sing 
great   inconvenience. 

All   in  all,    the   capillary  electroneter 
must  be  handled  with  great   care,    and  aDJ.   of  the  above 
precautions  must  be  regarded,    if  satisfactory   oper- 
ation be   desired. 

With  the  above   characteristics  noted, 
the  instrument    can  then  be   intelligently  used. 
CALIBpATIlTO  THE  ET.ECTROMlifrER, 

The   scheme  for   calibrating  the    electro- 
uBter   is  indicated  in  Pig.      9. 

T  '0  resistance  boxes  were   connected   in 
series  with  a   storage   cell  and  about  110000  olims  v/as 
introduced  in  the  circuit.      Then,   by  means    of   two 
traveling  terminals,    ©.s   indicated  in  the  figure,    any 
part   of    the  total  P.L\,    across   the   110000  ohms  could 
be  used  to   impress  upon  the   Capillary  ElectrcnB  ter.   By 
means    of    a  double-pole   double-throw  switch    (0),    this 
potential  could  be  applied  to   the  potentiometer  for 
measurmento 

A  Leeds  and  Northrup  Potentiometer  v/as 
used  wi th  a  standard  Cadmium  Cell.      By  means    of   a 
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storage   cell  and  rheostat,   the  potentiometer  v/as 
standardized  against  the  standard  cell   so    that   the 
potentiometer  would  read  exactly  as  indicated  by  the 
indications   on   it.        Care  must  be   taken   in  standard- 
izing,   to  have   the  polarity  of    the  standard  cell 
opposed  to  that   of  the  storage   cell.      A  Leeds    and 
ITorthrup  Galvanometer,   used  with  a  reading  lens,   was 
used  to  obtain  the  balance  points. 

Now,   v/ith   the  potentiometer  standard- 
ized,  by  means   of    the   double -pole   dou*fcle-throw  switch, 
the  E.M.P. ,    to  be  impressed  on  to  the   electrometer  was 
throTim   on   the  potentiometer  for  neasurment.      The 
resistances   of    the  potentiometer  were  then  adjusted 
until  a  balance  was   indicated  by   the  galvanometer. 
This   indicates  that   the  P.D. ,    to   be  measured  was 
equal   to   the  P.L\,    indicated  by  the   potentiometer.    The 
value   of      this  E.M.P. ,    could  then  be  read  off   direct- 
ly. 

Next,    the  short-circuiting   switch  of 
the   electrometer  was   opened,    and  the   double-pole 
double-throw  switch  was  thrown  over   in  the   opposite 
direction.      This  impressed  the   above  loeasured  E.M.P,, 
on     the  electrometer  causing  a  deflection  of    the 
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-  so- 
men iscus* 

The  readings   of  the  deflections 
"'    .:■    .,- A.   ** 
corresponding  to  the  various  potentials  were  imde 

with  the   Cathetometer  at  first.      The  arrangeirEnt   of 

Cathetoineter  and  electrometer  is  shcvm  clearly  "by 

the    second  photograph.      However,    it  was  found  impract- 

icahle    to   obtain   consistent   results   \\lth  the   use   of 

the  Cathetometer  since   it   T.-as   not   located  on  a 

solid  foundation,    and  any  slight  jar   or  movement 

would  throw  it   out  of    adjustment,    causing  errors   in 

the  readings, 

Por   this  reason  a  "better  and  more  con- 
venient  method  was  devised.      A  steel   scale   graduated 
to     1  l/lOO™  was  placed  behind   the   capillary  tube 
and   the  meniscus  was   observed  by  means  of  a  high  power 
telescope.     Under   these   conditions    no  tedious  adjust- 
ments were  necessary,    since  the  deflections  could  be 
easily  read  off   directly  from  the   sc  le   to     1  l/lOOO" 
by  estimating  between  the   divisions. 

The  meniscus  was   set   at   a  certain  point 
of  the    capillary  hy  mesins    of   the  pressure  apparatus, 
and   the  reading  on   the  scale   indicated  the  exact 
position  from  whjch  the  roeniscus  ViTould   start   eacli  time 
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upon     applying   the   potential  after    short -circuiting. 
The  data   of   calibration  was  then   ohtained,    readings 
being  taken   of   corresponding  E.M.P^     xnd  deflections 
of     the  meniscus.  . 

Prom  the  data  obtained  the    calibration 
curve  was  plotted  between  potentials  and  deflections. 
The   data  obtained  is  given  belowS- 

,  Deflections. 

INCHES. 


.0051 

.00985 

.01975 

.03312 

.05161 

.06711 

.07296 

.09427 

.11710 

.15217 

.16180 

.2 

.24142 

.31561 

.35012 

.37510 

.4201 

,47005 

. 50942 

. 60100 

. 75021 


.03 

.042 
.053 

.oes 

.08 

.088 

.1 

.112 

.125 

.150 

.159 

.17 

.176 

.185 

.189 

.191 

,196 

.20 

.205 

.210 

.22 


Pron  an  inspection  of  the  calibration 
curve  it  is  at  once  evident,  that  where  the  capillary 
is  of  uniform  bore,  the  deflection  is  exactly  pro- 
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portional  to  the  potential  applied.     Where  the  tube 
"begins  to  widen,   a  corresponding  increase   of  P.D., 
does  not  produceas  great  an  increment   of  deflection 
and  the   curve    then  "begins    to  bend.      Also,   where 
there   is  an   irregularity  in  the  tube   the    curve  deviates 
froia  a  straight   line.      This  is  clearly  shov/n  by  the 
curve. 

Thi  s  curve   is    only  of  any  value  as  a 
means   of  measuring  E.K.P,    *8  when   the  meniscus   is 
located  at    tlie    sarr^e  point  as  where  the  calibration  was 
taken,     and  when   the   head  of   mercury   in  the   electro- 
meter  tube   is   the    same,    as   that  used  in  t  he    calibration. 
The    former   can   be  adjusted  by    the   pressure  apparatus, 
but   it   is   evident   that    the  latter   depends  upon,  whether 
no   clTange   of  mercury,   etc.,   has  been  made  or   not.   Later 
on  in  this  thesis,    several  improvements  wi  .1  be 
suggested  whereby  the   latter  condition  can  aJ.so  be 
made   constant.      However,   with   the  aforementioned  de- 
tails  constant,    the  instrument  could  be  used  for  measur- 
ing very  small  potentials. 
USE  AS  A  ZERO   INSTRmCENT   OR      GALVANOMETER. 

^-  This   is   the  field  in  which  the  Capillary 

Electrometer  has  the  greatest  application,   that   of  use 
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as  a  galvanometer  to  indicate  the  alssencs  of  a  P.D. 

It  is,  of  course,  -evident  that  tlTje 
height  of  nerci-jry  coluiam  and  the  position  of  the  meniscus 
has  no  hearing  on  the  use  of  the  instrument  in  this 
field,  as  the  onlv  necessary  action,  is  the  indication 
of  the  presence  of  an  E.   M.  P.,  no  matter  how  smaU. 

To  test  its  adaptability  in  this  field, 
the  electrometer  was  connected  in  parallel,  through 
a  switdi,  with  the  Leeds  and  Northrup  Galvanometer. 
Then  with  the  standard  cell  and  battery,  tloe  potentio- 
meter was  standardized,  both  the  electrometer  and  gal- 
vanometer being  used  as  the  zero  instruments. 

By  means  of  the  switch,  a  balance  was 
first  obtained  with  the  Leeds  and  Northrup  Galvanometer, 
Then  the  switch  was  throv/n  over  and  the  electrometer 
"became  the  zero  instrtiment. 

Although  an  exact  balance  was  indicated 
by  the  galvanometer,  read  with  a  lens,  a  deflection 
could  still  be  noted  of  the  meniscus  of  the  electrometer, 
through  the  telescope.   This  was  repeated  several  times 
in  order  to  verify  the  results. 

This  is  conclusive  proof  that  the  Cap- 
illary Electrometer,  is  more  sensitive  than  the  Leeds 
and  Uorthrup  Galvanometer,  and  is,  therefore,  as  far  as 
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Bensibility  is   concerned,    adapted  to  use  as  a  galvano- 
meter. 

It    should  be   stated,    that  the  Leeds     and 
Northrup  Galvanometer   is  the  most   sensitive  portable 
galvanometer  in  the  Laboratories  of  Armour  Institute  of 
Technology, 

SENSITnrBlffiSS   OF  IHE  ELECTROT-iffiTER. 

The  next  experiment  conducted,  was  the 
determination  of  fee  rflimimum  potential  to  #11  ch  the 
meniscus  would  respond. 

If  the  fingers  were  placed  across  the 
terminals   of    the   short-circuiting  key,   when  the  key 
was  open,  and  if  they  were  rubbed  on  liie   terminals,    the 
meniscus  would  respond.    4Chis  would  at   once  indicate 
great   sensitivenass. 

Again,    the    terminals   of  an  ordinary  magnet- 
type   of  a   telephone  receiver  v/ere  placed  across   the 
terminals   of  the   electrometer.      Then  loud  words  were 
spoken   into   the    receiver.      The  meniscus  moved  up  and 
down    considerably,    showing  that    it  was  affected  by  the 
potentials  which  were    induced  in   the   receiver  by  talking 
into   it.      This  was  a  very  interesting  proof   of    its  great 
sensitiveness,    since   the  E.   M.    F, 's  induced  in  the 
receiver  are  very  small. 
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In  order   to    oTstain   some  definite  knowledge 
of    the  magnitude   of    the   smallest  potentials  that   the 
electrometer  would  respond  to,    a  potential   of    aJDOut    ,2  volts 
was   started  with.      Then   it  v/as   gradually  decreased,    noting 
each  time   any  deflection   of    the  meniscus. 

With   the  smallest  potential   that    could  he 
obtained  with   the  resistance  hoxes,   previously  mentioned, 
a  value   of. 000111  volts  gave    quite  a  noticeable   deflection. 
This  indicates  that   the  electrometer  will   easily  respond  to 
E.M.P. 's  smaller   than  l/lOOOO  th's  of  a  volt. 

If  the   instrument  has   dirt   in   it,    and   is  not 
in  good  working  order,    the    small  potentials  will   not  he 
noticeable   on   the  instrument. 

EESISTAITCE   07      THE  INSTRmCENT. 

The   resistance   of    the  Electrometer  was 
measured  with  a  Wheatstone  Bridge.      Since  the  resistance 
is  not   constant,   varying  as   it   does  wil.h  tl^e  position   of 
the  meniscus  in   t'-'e   capillary,    several  values  v/ere   obtained 
at  different  parts   of  tlw  capillary. 

The    values   of    the    resistance   obtained 
varied  from  29700   ohms   to   88000   ohms. 

It   was  found,    that   if  a  balance  v/as   obtained 
with   the  Bridge  and  then   the   leads  to   the  Electrometer 
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ware  reversed,  a  balance  vTould  no  longer  exist,  and 
upon  rebalancing,  a  very   high  resistetnce  would  be 
measured;  as  high  as  155000  ohms,  in  one  case. 

This  seems  to  show,  that  there  is  an 
E.M,!?,  of  its  ov/n  generatsd  in  the  electrometer,  which 
in  one  case,  in  the  roeasurment  of  resistance,  was 
opposed  to,  and  in  the  other  case,  aided  the  E.M.S'.  of 
the  cell  with  which  the  resistance  was  measured. 
ELECTROSTATIC  CAPACITY  OP  THE  ELECTROIISTER, 

The  capillary  electrometer,  by  its  action, 
would  tend  to  show  that  it  has  electrostatic  capacity. 
When  the  P.D.  is  applied,  the  meniscus  moves  to  a  differ- 
ent point  of  the  capillary  and  stops.   The  application 
of  the  same  potential  again,  without  previously  short- 
circuiting,  has  no  effect  on  the  ineniscus.   Short-cir- 
cuiting, brings  the  meniscus  "back  to  its  original 
position. 

This  action  is  exactly  like  that  of  a 
condenser,  only  in  this  case,  we  have  an  attendant  move- 
ment of  the  mercury  column. 

If  the  instrument  has  electrostatic  capac- 
ity, the  question  might  arise  as  to  where  the  dielectric 
is  located.  In  all  probability  the  dielectric  of  this 
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condenser  is  a  film  at    the  s'jrface   of   contact  'between 
the  mercury  anl   sulphuric  acid. 

The   electrostatic   capacity  of   tiie   electro- 
meter was  then  measured  "by  the  follov/in:^  method. 

A  standard  condenser   of      one-half  micro- 
farad capacity  was   charged  to    a  given  potential.    It   was 
then    discharged,   by  means    of  a  charge  and  discharge  key, 
through  a  sensitive     Ballistic  Galvanometer,   whose  de- 
flection was   read  with  a   telescope  and  scale.    The  de- 
flection was  noted.      Let   us  call  t'-is  deflection  1)1  and 
tjne  capacity   of     this  condenser  CI. 

Then  the  el  edtrometer  was  cl^arged  to   tiie 
same  potential,    and  by  means   of  the   same   key,    dis- 
charged through  the     Ballistic   Galvanometer  and  the   de- 
flection was  noted.      Let   us  ell   this  deflection  1)2  and 
the  unknown  capacity  of    the  electrometer  X. 

Nov/,    the    deflections   of  a  Ballistic  Gal- 
vanometer vary  with  the    quantity  of  electricity  dis- 
charged through  it. 

Therefore,    in   the  first  place,    the    quantity 
Q1=EC1  and  gives   a  deflection  Dl. 

"For  the   second  case,    the    quantity  is  Q2=EX     and  gives  a 
deflection  1)2. 
E  beir^    the  same   in  both    cases,   we   have   that. 
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qi  Dl  CI 

"■^2        ~     D2      =      X  * 


therefore     X«C1 


1)2 
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The   capacity  v/as  measured  with  three   different  potentials 
applied  to    the  condensers. 

Since,   upon  applying  these  E.M.P, »s  to 
the   electrometer,   a  mo  veins  nt   of    the  meniscus  occurs,    the 
capacity  measured,    is  that   of    the  point    to  which  the  men- 
iscus    moves  after   the   application   of    the  E.M.P. 

Therefore,   for    the    smaller  potentials,    the 
capacity  obtained  will  be   that   of   the   lower   or  fine  bore 
part   of   the   capillary,   while  for   the   larger  E.M.i^. 's   the 
capacity  obtained,   v/ill  be    that    of  the   larger   or  upper 
part  of  the  capillary  tubes.      The  averages  of   several 
deflections  were   taken  as   the  correct   values. 

The  following  data  was   obtained. 

Capacity  of   standard  condenser  Cl=l/2  laicro -farad. 

P.D.   Equivalent     Deflection  for  Deflection  for 

to.  Standard  Condenser.      Electrometer. 

Dl  D2 

10000  ohms  39  mm.  •  219  mm, 

7000     ohms.  27.3  ram.  192  mm. 

300       ohms.  1,5  mm.  i4,8  mm. 

This  gives  by  the  above  formula,    capacities 
of  2.81  m.f.,    3.5  M.f.,   and  4.94  m.f.,   respectively.    The 
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capacity   is  larger  for  the  small   or   lower  part   of    the 
capillary   and  smaller  for   the   larger   or  higher  part   of   the 
capillary,    or  in  other  words,   t^ie  capacity  varies  in- 
versely as   the  distraeter   of  bore  for  any  given   electro- 
meter tube. 

USE  '?r[TH  AIjTER1IATI}T(J   CURREITTS. 

The  next     experiment  was  the   determination 
of  the  action  of  the  electrometer  under  alternating 
currents. 

The  A. C.    poT^er  was  taken  from  an  alter- 
nator,  wi-ich  was  run  at  a    speed  and  field  current   low 
enough  to   give   about   20  volts  terminal  E.M.?.      By  means 
of  two   potential   transformers   of  10   to  1   ratio,    this  E.M.P. 
was   stepped  down  100   to   1   to  about   .2  volts.    This 
E.M.P.,    7©,s   then   applied  to    the    electrometer. 

Although  the  frequency  of   the  current  was 
Yer-y  small,    all    that   could  be   seen  was  a  slight   chatter- 
ing of    the  meniscus  up   or   down,    so    sliglit  in  fact,    that 
it    could   not   at   all  be     measured  with  the    telescope  emd 
scale.      Although   the  potential  was   .2  volts  effective 
▼alu9   and    the  maximum  would  be   .283  volts,   the   de- 
flection as  far   as  could  be   seen,    with  the    apparatus   on 
hand,   was  no  v\*iere  near  as   large      as  that  given  by  .2 
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volts  direct  current.      The     calibration  curve   shows  a 
deflection  of      .181"  for   .28  volts. 

It   seems     that   the     inertia  of  the  mercury 
column  is  great  enough  to   danp   out   the   oscillations  of  the 
P.D, ,    even   at   low  frequencies.      At  hi;^h  frequencies, 
this   danrping  would  "be  greatly  magnified. 

However,    since   an   oscillograph  is   seldom 
used  to    obtain   the  actual  magnitude   of  an  E.M.?.,    or 
current,   the  fact   that    the  meniscus        does  not  make  full 
deflection  is  not  vital.      The    important   consideration, 
is  the  production  of  an  exact  reproduction  of   the  wave- 
shape,   irregularities,   etc. 

Whether   or  not  a  wave-shape   could  be   obtain- 
ed,   can   only  be  proved  after  an  oscillograph  arrangement 
would  be  made,      Prom  arniearances,    at   least,   under  the 
telescope,    it  would  seem,    that  wave-shapes  could  not  be 
obtained,   and  if    they  could  be   obtained,    the  magnific- 
ation required,    would  be   so  great   that   the  instrument 
could  not  be  Bade  portable, 

Prom  the   action  of  the   instrument   as  v/e 
saw  it,   we  believe,   that,    should  an  arrangement  be   con- 
structed wSttereby  the  oscillations  could  be   seen,    the 
Inertia  of    a  mercury   column  at  high  frequencies  v;ould 
dan?)  and  smother  out  any  irregularity  that  may  be  present 
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in  the   wave.      This  would  necessarily  msike   it  of   no 
practical  value,    since,    as  previously  stated,    it   is  de- 
sired that  an  oscillograph  should  show  all  the  irreg- 
ularities  in  the   wave-shape,    its   ohject  "being  vi^olly 
that. 

However,  should  any  work  along  tiiis  line 
he  done  later  on,  a  few  suggestions  as  to  the  prohable 
method  of   arranging  this    oscillograph  might  he   of  value. 

A  narrow  slit   could  hs   arranged   in  front 
of  the   capillary  tube,   just  -vide  enough  to  permit  a  "beam 
of  light  from  an  electric  arc  to  pass  through  it  with- 
out   diffraction.      Now,    the    light  would  be  cut   off  by 
the  mercury  in  the  capillary,   but   could  pass   through  the 
sulphuric  acid.      Then,   as  the  meniscus  moved  up   or   down 
under  an  alternating  current  E.M.F, ,   more   or   less   light 
would  be  cut   off  by  the  meniscus  according  as  it  moved 
up   or   down.      Now,  by  an  arrangement   of  lenses,   the   image 
of   the  top   of  th     meniscus   can  be  enlarged.      All    that   re*- 
mains  then,    is  to   provide  a  motion  at   right  angles   to    tloat 
in  the  capillary  tube,   which  should  be   in  synchronism 
with   the  alternating  current  potential.    The   combination 
of  these  tv/o  motions  at   right  angles,   will  give  a  v/ave 
shape,    if  thrown   on  a  screen  or   sensitized  plate.   One 
part   on  one  sids  of   the  wave   shape  woiold,    of   course,  be 
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light,  while  that  on  the  otlner  side  would  he  in  total 
darkness. 

It  seoms  that  many  of  ths  ideas  and  schemes 
embodied  in  the  General  Electric  Company  Oscillograph  could 
he  used  in  constructing  an  oscillographic  arrangement 
with  the  capillary  electrometer. 

If  such  an  oscillograph  could  he  construct- 
ed, and  if  it  would  faithfully  reproduce  pulsating  E.K.P.'s, 
it  would  he  a-'plicahle  to  the  study  of  E.M,F.'s  whl^h  cannot 
he  studied  hy  the  present  form  of  oscillograph, 

A  very  good  example  of  the  field  in  which 
the  capillary  electrometer,  as  an  oscillograph,  would  he 
applicahle,  is  that  of  the  study  of  telephone  currents. 
And  experiment  has  heen  spoken  of  previously  v/hich  shows 
how  readily  the  cap i Ife  ry  electrometer  will  respond  to  such 
currents.  There  is  no  doubt,  that  if  the  capillary 
electrometer  could  he  nade  into  an  oscillograph  practically, 
it  would  photograph  such  waves  as  the  present  oscillograph 
woul^i  he  uninfluenced  by. 

THE  EEPECT  0?  C0NCEJ5ITRATI0N  OE  ACID. 

In  order  to  determine  the  effect  of  varying 
the  concentration  of  acid  in  the  electrometer,  various 
concentrations  of  same  were  used.   Note  was  taken  of  the 
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deflection  of  the  meniscus  with  the  same  potential  for 
different  acid  strengths.   It  v/as  found  that  the  strength 
of  acid  had  no  noticahle  effect  on  the  magnitude  of  de- 
flection. 

SUaaESTED  mPl-OVErF'NTS. 

The  experimental  work  having  heen  completed, 
Improvements  for  the  arparatus,  suggested  hy  our  work  with 
it  will  he  put  forth.  In  the  first  place,  a  finer  adjust- 
ment of  the  pressure  apparatus  should  he  made,  so  that  the 
pressure  can  "be  adjusted  to  a  nicety,  eind  tViUS  control  the 
meniscus  similarly.  This  can  he  arranged  hy  m.eans  of  a  fine 
Bcrev;  adjustment  together  with  a  rougher  adjustment  such  as 
was  ased  in  the   instrtiment   in  this    thesis. 

In  the  calihration   of    this   instrument,    the 
fact  v/as   spoken   of  regarding  the    changing   of    the  head   of 
merc\iry   in  the   electrometer   tuhe.      If   a  small   tube  were 
connected  in  to  the   electrometer  tube  at   a  point   just  above 
the  bend  in  the    tube,    it    could   serve   as  an   overflow  tube  and 
thus  the   head   of  mercury   could  alv;ays  be  made      constant, no 
matter   how  many     times   the  mercury  be   clianged.    A  pinch-cock 
would  of    course,   be  needed  at  the  end  of   the  overflov/  tube, 
so    as  to  allow  the  pressure  apparatus  to   do   its  work. 

IFor   oscillographic  work  it  would  be  well  to 
weld  this   overflow     tube  in  as  low  as  possible,    thus  de- 
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creasing  the  head  of  inercriry  and  therelDy  decreasing  the  in- 
ertia.     However,    there    is  a  limit   to  this,   as  a  very  small 
head   of  riercury  would  allow  the  acid  to  creep  up  ahove  the 
mercury. 

Another   important   improveraent   suggested  is 
that,   instead  of  using  long  expensive  platinum  wires,   attach- 
ed to  "binding  posts,   which  must  "be   cenented     on  to  the  glass, 
short  platinixm  v/ires   should  he  welded     through  the  glass,   at 
points  jt-st   ahove   the  surface   of  the   mercury.      These  would 
then   serve   as   leading   in  wires  and  ^vould      ohviate  the   necess- 
ity of  "binding  posts. 

Instead  of  using  a  scale    or   Cathetometer  to 
measure  deflections  in  use  as  a  potential  measuring  instru- 
ment,   the   capillary  tuhe   itself,    couldte   graduated  into 
divisions.      Under    such  circumstances,    together  with  im- 
provements  suggested  ahove,   there   is  great  possibility  for 
this   instrument   in   the  measuring  field. 

In  use   as  a  galvanometer,   arrangements   should 
he  Bade  wherehy   the  telescope   is  perman'mtly  attached  to   the 
electrometer. 

•  V   ....  Instead  of  locating  the  short-circuiting 

switch      on  the  instrument  stand,    it  v^^ould  he  advisable   to 
locate    it   off  the   stand,    to     prevent  jarring  the   electrometer 
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Vv-hen   opening   or    cCLosingthe    sxvitcli, 

msrussiON  a?tj  conclusions, 

In  the  first  place,  the  Capillary  Electro- 
meter, car  b  e  re comri ended  as  a  galvanoraeter  or  zero  instru- 
ment.  It  is  very  sensitive,  responding  even  to  th"-  rubbing 
of  fingers  across  its  terminals. 

In  tests  such  as  those  of  determining  capacities 
and  inductances  v;her'e  galvanometers  are  required,  it  is  a 
troublesome  matter  to  obtain  balances  with  an  ordinary 
magnet-type  instrument.   In  such  cases  the  Capillary 
Electrometer  should  be  invaluable.   It  is  not  affected  by 
stray  fields  nor  ordinary  mechanicaJL  jars,  all  of  which 
greatly  affect  the  ordinary  sensitive  galvanometer. 

It  is  a  quick-acting  instri;i:aent ,  responding 
insta,ntaneously  to  potentials. 

It  is  a  cheap  instrument  to  construct,  "From 
the  specifications  and  drawings  herein  enclosed,  a  Capillary 
Electrometer  could  easily  be  constructed  for  about  Seven 
Dollars.   This  co\ild  materially,  be  further  reduced  by  in- 
troducing short  platinum  terminals  as  suggested  previously. 
This  would  decreasethe  cost  to  about  I'ive  Dollars.  Compare 
this  with  the  cost  of  a  Leeds  and  ITorthrup  Galvanometer 
v/ith  v/hich  the  Electrom.eter  was  compared  for  sensitiveness. 
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which  IB   sold   coniercially  for  a"bout   Twenty  five   dollars. 

HoT/ever,    the  Capiillary  Electrometer  could 
hau-dly  ever  be  irade  as  portable   as  the   above   (ralvaiiometef 
for  instance.      The   c>alvanometer  is     fool-proof  and  will  stand 
more   or  less  hard  usage.      The  Electrometer,   however,   must 
be   operated  in  a  certain  way   if  results  are  tobe   obtained, 
and  cannot   undergo   too  rough  usage. 

The   Galvanometer   is  very  much  more   compact, 
and   is  easier  to   handle.      It  -vould  be  very  difficult    in 
comr*  rcial  practice   to  have   the  users   of  a  Capillairy 
Eiectrom.eter   to   observe   all  the  preeauticns  herein  noted, 
all    of  which,   are   necessary.      It    is   its  great   difficulty 
in  handling,    that,    to   a  large   extent,    offsets   its  possibilities. 
Any  instrument    in  which   acid,   which   is  free    to  fall  about, 
is  a  part,    is    a  difficult  matter   to   operate  corw-ercially. 

Nevertheless,    in  a  Laboratory   or   a  testing- 
room,   •where   the   instrument    could  be  permanently  fixed,    the 
Electrometer   could  be  made  a   desirable   instnament. 

The  same   difficulties  met  with   in  use   as  a 
zero   instrument,    together   with   some  others  raenticned, 
handicap   the   use    of    an   electrometer,   as  a  potential 
measuring  instrument.      However,   with   the      improvemmts 
suggested,   practicability  is  approached. 
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■Finally,  as  to  its  adaptalDility  for  the 
indicating  instrument  of  cm   Oscillograph,  which  was  that 
part  of  the  thesis  where  great  possihilities  were  ex- 
pected, this  can h  e  said.   It  is  hardly  thought  that  it 
can  be  realized.   The  movement  of  the  'eniscus  under  an 
alternating  current  of  low  frequency  v/as  not  discernihle 
with  the  telescope.   It  would  seem,  therefore,  that  the 
friction  in  the  tuhe,  together  with  the  inertia  in  the 
mercury  column,  would  damp  out  all  irregularities  of  an 
electrical  alternating  or  pulsating  wave,  especially  of 
high  frequency.   However,  there  is  a  possibility  if 
arrangements  can  "be  made  whereT)y  only  one  cycle  of  a  wave 
"be  impressed  on  t^e   electrometer.   If  this  first  cycle 
could  "be  photographed,  perhaps  it  would  show  the  correct 
form  of  wave. 

Yet  it  is  impossible  to  determine  what 
further  work  and  time  might  develop  in  the  field  of  the 
Capillary  Electrometer. 

Respectfully  submitted,   - 

J^  ' 

May  17,  1909. 


*x«     et«w     «si:ct-xIirf?:3»«K3q  ^A^t^a   st^'-'w  a-i.mt«iS   »rft  '*:^   +"-- 
d-Ar'-w  9rsl    .^.— :^.,. ,..,    .    si:    ?i   :feY 


■-)\ 


IX   ,7X  ^«U 


A.B.C.O. 


\o  P/a^.  Wir*. 


c.-* 

^ 

1 

V 

circv/^r 

IW 

»</  TepQfed- 


60 


6'l 


AXMOVH 


/^RAMC   BACK  V/£W. 


t. 


/"/&.  r 


7/mmfmw//MiifMm 


DETAIL-^    Q.H./.^ 


I 


1         i. 

5-3 

H 
1 

T r 

r 

)55^ 

^H 


1                                /•S' 

1 

jr 

-J 

1 

1 

O                 O    "^l!. 

® 

T 

I 

1 

1 

1 

1 

'  ■ 

• 

_   1. 

Dooble    S/Z.e 


F/  ^.  & 


0 

1 9    1 

9                       9    ^ 

<x    I 

> 

Nj 

■~0      "I 

^   (?^ 

1 u ' 

> 

N 

> 

_  - — *■ 

\ 
^ 

> 

?^ 

I"          ^ 

__  ,-< 

4-<5 1 

,1    „ 

" 

!■ 

rn 

t:^! 

mw^'-'r. 


\~~r-^ 

_j.:  1— _ 

— 1 

— - 

■^ 

"**; 

5 

_„_i      .   ___ 

"^ 

7 
■   i 

5^ 

^ 

^ 

1 

^ 

1 

i        1 

1 

■  ■    ! 

J   - 

j 

-i 

._.__ 

-„ 

; 

— T-t- — 

^■^ 

_ 

__ 

__ 

,r-;i      ■   ■ ,  -f 

— 

^ 

__  

1 

^.    ■   ' 

.^._ 

-1 

--— ^-r-- 

5 

--^ 

0 

.     .      . 

_. 



-5^ 

_ 

- 

-    ,        1 

N 


I        ; 


-4— -^- 


illlBi— HIBilHl— 

■Abbhbiii 

S^B^SESHHIBInini 


^b 


57 


—  « — ^ iie 


m 


-ti 


/iJ!W^  */".,'< 


El] 


